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a b s t r a c t

Selective hydrogenation of substituted nitroarenes is an important reaction to obtain amines. Supported

metal catalysts are wildly used in this reaction because the surface structure of supports can tune the

properties of the supported metal nanoparticles (NPs) and promote the selectivity to amines. Herein, Pt

NPs were immobilized on FeOOH, Fe3O4 and α-Fe2O3 nanorods to synthesize a series of iron compounds

supported Pt catalysts by liquid phase reduction method. Chemoselective hydrogenation of 3-nitrostyrene

to 3-aminostyrene was used as probe reaction to evaluate the performance of the catalysts. The results

show that Pt/FeOOH exhibits the highest selectivity and activity. FeOOH support with pores and -OH

groups can tune the electronic structure of Pt NPs. The positive charge of Pt NPs supported on FeOOH is

key factor for improving the catalytic performance.

© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Selective hydrogenation of aryl nitro compounds to amines is

an essential step to obtain intermediate product for fine chemi-

cals, including pharmaceuticals, herbicides, perfumes and dyes [1-

3]. The challenge for this reaction is the hydrogenation of nitro

group when another reducible group (C=C, C=O and –X, etc.) si-

multaneously present in one molecule, because most transition

metal catalysts cannot distinguish nitro from reducible groups for

selective hydrogenation. Over the last few decades, many efforts

have been made to synthesize highly selectivity and activity cata-

lysts for the preferential adsorption of nitro group in the presence

of one or more reducible groups [4–7]. For example, some metal

catalysts (e.g., Au, Pd and Ag) were found to present high chemos-

electivity for the hydrogenation of nitrostyrene (NS) to aminos-

tyren (AS) [8,9]. However, due to their intrinsically low capability

to activate H2 molecule, these catalysts usually exhibited at least

one order of magnitude less active than that of Pt metal catalysts

[10,11]. Pt-based catalysts are the most widely used in this reac-

∗ Corresponding authors at: Shenyang National Laboratory for Materials Science,

Institute of Metal Research, Chinese Academy of Sciences, Shenyang 110016, China.
∗∗ Corresponding author.

E-mail addresses: bszhang@imr.ac.cn (B. Zhang), zwliu@snnu.edu.cn (Z.-W. Liu).
1 These authors contributed equally to this work.

tion because they exhibited high activity in the hydrogenation of

NS, but it gave a low selectivity to AS since Pt was more effective

for carbon–carbon covalent bond in the reduction of NS. To en-

hance the selectivity of AS over Pt catalysts, the researchers devel-

oped some strategies, such as introducing a modifier to the reac-

tion [12], adding a second metal to Pt [5,13], and choosing appro-

priate reducible oxides as supports [14,15]. Since the supports are

not inert and the interaction with nanoparticles (NPs) gives to new

interface phenomena, the immobilized NPs on supports is consid-

ered as an efficient approach to enhance the stability and control

spatial distribution of metal NPs [16,17]. Furthermore, the interac-

tion between metal NPs and support may tune the electronic prop-

erties of Pt, which play a crucial role in determining the adsorp-

tion behavior of functional groups and the dissociation behavior

of H2 [18]. For instance, the hydrogenation performance of substi-

tuted nitroarenes over FeOx-supported Pt single-atom and pseudo-

single-atom catalysts were investigated, illustrating that significant

electron transfers from the Pt atoms or ensembles to the FeOx sup-

port, which was beneficial to improve the selective hydrogenation

of NS to AS [11]. Iron compounds are widely used as metal ox-

ide support due to their excellent performance, structure, surface

properties and abundance [19–23].
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Fig. 1. XRD patterns of Pt/FeOOH, Pt/Fe3O4 and Pt/α-Fe2O3 catalysts.

Herein, the influence of iron compounds surface structure on

catalytic performances of Pt NPs was studied and correlated to

the activity/selectivity of the chemoselective hydrogenation of 3-

NS. Three kinds of iron compounds FeOOH, Fe3O4 and α-Fe2O3

nanaorods were firstly synthesized. Then, Pt NPs supported on

these three iron compounds were prepared by ethylene glycol (EG)

reduction method [24,25]. Advanced characterization and analysis

were performed to explore the interaction between Pt NPs and

their supporting matrix.

The morphology and structure of the iron compounds were

firstly studied. Fig. S1 (Supporting information) shows the opti-

cal digital images of the iron compound supports. The color of

FeOOH, Fe3O4 and α-Fe2O3 powders are dark-red, black and red,

respectively. Fig. S2 (Supporting information) displays the low-

magnification transmission electron microscopy (TEM) and high-

resolution TEM (HRTEM) images of the iron compounds. It is

clearly that all the supports have similar rod-like architectures. In-

terestingly, there are many mesopores on the surface of FeOOH,

which could be act as the anchor sites for metal active compo-

nents. HRTEM observations further identified the crystallographic

properties of the iron compound supports. The interplanar spacing

(d) of lattice fringes are coincide with (400) and (2̄11) planes of

FeOOH, (111) and (31̄1) planes of Fe3O4 and (104) and (12̄0) planes

of α-Fe2O3, respectively. The X-ray diffraction (XRD) patterns Fig.

S3 in Supporting information further illustrate the main phase

structure can be attributed to orthorhombic FeOOH (JCPDS No. 18-

0639), cubic Fe3O4 (JCPDS No. 65-3107) and hexagonal α-Fe2O3

(JCPDS No. 33-0664) phases, respectively. The nitrogen adsorption–

desorption isotherms were also obtained, as shown in Fig. S4 (Sup-

porting information). It can be seen that FeOOH display obvious

mesoporous structure. The measured Brunner-Emmet-Teller (BET)

surface areas of FeOOH, Fe3O4 and α-Fe2O3 were 104.0, 24.4 and

24.5 cm2/g, respectively. Compared with Fe3O4 and α-Fe2O3, the

larger BET surface area of FeOOH could be ascribed to the for-

mation of hollow pore structure of the FeOOH support, which is

observed from the TEM images. Fig. S5 (Supporting information)

shows the X-ray photoelectron spectra (XPS) survey spectra and

N 1s spectra of FeOOH, Fe3O4 and α-Fe2O3 supports. No N peaks

were observed in full scan survey, indicating that there is no resid-

ual N element in FeOOH, Fe3O4 and α-Fe2O3 supports during the

synthesis process.

The crystal structures of Pt/FeOOH, Pt/Fe3O4 and Pt/α-Fe2O3

samples are analyzed by XRD patterns and HRTEM images. The

main diffraction peaks in Fig. 1 are assigned to the corresponding

supports. For FeOOH support in Pt/FeOOH catalyst, the XRD pattern

is slightly different with standard JCPDS No. 18-0639. The diffrac-

tion peaks located at 2θ = 30.1° and 43.1° and the overlap peak

at 2θ = 35.5° correspond to the (220), (400) and (311) planes of

Fe3O4. It indicates that there is a small amount of Fe3O4 phase

Fig. 2. Low-magnification TEM (a–c), HRTEM (d–f) and HAADF-STEM (g-i) images

of Pt/FeOOH (a, d, g), Pt/Fe3O4 (b, e, h) and Pt/α-Fe2O3 (c, f, i) catalysts. The insets

in d-f and g–i are the corresponding local FFTs and PSD histograms, respectively.

in FeOOH support due to the phase transition in catalyst synthe-

sis process, but it has not been found in HRTEM characterization

Fig. S6 in Supporting information. There is no change in crystal

structure for Fe3O4 and α-Fe2O3 supports in Pt/Fe3O4 and Pt/α-

Fe2O3 catalysts (Fig. 1 and Fig. S6). Moreover, there is no obvious

peaks of Pt NPs are found in these three catalysts, indicating the

significantly small sizes of Pt NPs on the supports. TEM images

(Figs. 2a-c) clearly show that Pt NPs are uniformly deposited on

different supports. Statistical analysis of particle size distribution

(PSD) was carried out by randomly measured ca. 300 Pt NPs (the

insets in Figs. 2g–i). For Pt/FeOOH, Pt/Fe3O4 and Pt/α-Fe2O3 cat-

alysts, the PSD histograms present the average size of Pt NPs are

0.9, 1.2 and 1.0 nm, respectively. It reveals that the particle sizes

of Pt NPs are slightly related to the properties of supports. A more

detailed analysis on PSD indicates that Pt NPs on Pt/FeOOH exhib-

ited a narrower range with 0.3–1.7 nm. The outstanding dispersion

of Pt NPs on FeOOH support may be ascribed to its highest surface

area arising from the mesoporous structure. The HRTEM images of

Pt NPs are shown in Figs. 2d–f. The measured lattice spacings of

2.27 Å and 1.96 Å, obtained by forming an angle of 54.7° for the

Pt nanocrystals, corresponding to the face-centered cubic (fcc) Pt

(111) and (200) planes. The ambiguous isolated diffraction spots

in fast Fourier transform (FFT) patterns (the insets in Figs. 2d-f)

also displays the crystal structure of Pt NPs. Moreover, it can be

seen that the Pt NPs immobilized on the three supports possess

the same FFT patterns, indicating the supports have no effect on

the crystal structure of Pt NPs. Furthermore, scanning electron mi-

croscopy (SEM) and annular dark-field STEM (ADF-STEM) images

of Pt/FeOOH catalysts (Fig. 3) shown that Pt NPs are mainly an-

chored at the pore edge of FeOOH support (marked by white cir-

cles), which may improve the dispersion of Pt NPs.

XPS was used to unravel the surface chemical states and ele-

mental composition of the catalysts. The O 1s spectra of the se-

ries Pt-based samples (Fig. 4a) were deconvoluted into two com-

ponents, including the lattice oxygen (Oa) and surface hydroxyl

species (Ob) [26]. The ratios of Ob/Oa were 0.63, 0.39 and 0.43 for

Pt/FeOOH, Pt/Fe3O4 and Pt/α-Fe2O3, respectively. It is clearly that

2912



Y. Zhang, T. Gao, C. Dai et al. Chinese Chemical Letters 33 (2022) 2911–2914

Fig. 3. SEM (a) and ADF-STEM (b, c) images of Pt/FeOOH catalyst.

Fig. 4. O 1s (a) and Pt 4f (b) XPS spectra of Pt/FeOOH, Pt/Fe3O4 and Pt/α-Fe2O3

catalysts. Catalytic performance of Pt/FeOOH, Pt/Fe3O4 and Pt/α-Fe2O3 catalysts in

3-NS hydrogenation reaction (c). (reaction conditions: T = 45 °C, P = 5 bar, 20 mg

catalysts, 10 mL toluene was used as solvent, reaction time: 70 min). The conversion

and selectivity over Pt/FeOOH catalyst with different reaction time (d).

Table 1

The surface element composition of Pt/FeOOH, Pt/Fe3O4 and Pt/α-Fe2O3 catalysts.

Sample Surface element composition

Ob/Oa Pt0 Pt2+ Pt4+

Pt/FeOOH 0.63 71.1 21.4 7.5

Pt/Fe3O4 0.39 76.6 14.0 9.4

Pt/α-Fe2O3 0.43 81.6 13.8 4.6

the surface hydroxyl groups in Pt/FeOOH is much higher than other

samples. The XPS spectra of Pt 4f are depicted in Fig. 4b. Pt 4f

spectra could be deconvoluted into three components for all cata-

lysts, including the metallic Pt0, Pt2+ and Pt4+ [24]. The existence

of Pt4+ may be caused by the weak reduction capability of EG. Ap-

parently, the supports have a crucial effect on Pt 4f binding energy.

An appreciable shift to higher values of Pt0 binding energy is ob-

served for Pt/FeOOH. A quantitative analysis of Pt components was

obtained from the area of the corresponding fitting Gaussian peaks

after nonlinear Shirley-type background subtraction and summa-

rized in Table 1.

Pt/FeOOH sample shows the lowest content of Pt0 and the

highest content of oxide state Pt. It was deduced that the elec-

tronic structure of Pt was adjusted by surface hydroxyl groups in

FeOOH [27,28] and there may exist more electron transfer from

Pt to FeOOH support. The difference of Pt0 concentration between

Pt/Fe3O4 and Pt/α-Fe2O3 may be caused by the surface oxygen

species [29].

The hydrogenation of 3-NS can produce 3-AS and 3-

ethylnitrobenzene (ENB) by hydrogenation of nitro and vinyl group,

respectively, and then produce 3-ethylaniline (3-EA) via the com-

plete hydrogenation of both the nitro and vinyl groups. In a se-

ries of blank tests, the reactions carried out with the support alone

did not result in any measurable conversion. The catalytic perfor-

mance of the series Pt-based catalysts for 3-NS hydrogenation is

shown in Fig. 4c. Pt/FeOOH catalyst exhibits the best catalytic per-

formance with 98% selectivity to 3-AS at a 99% 3-NS conversion

after 70 min of reaction. The catalytic activity over Pt/FeOOH cata-

lyst was also studied in 3-NS hydrogenation with the extension of

reaction time. The conversion of 3-NS increases with reaction time

and reaches closely to 100% at 60 min as shown in Fig. 4d. As the

reaction time is prolonged, the conversion of 3-NS is maintained

and the selectivity to 3-AS does not change significantly. In con-

trast, for Pt/Fe3O4 and Pt/α-Fe2O3, the selectivity to 3-AS was only

84% and 82% after 70 min of reaction, respectively, which are lower

than that of Pt/FeOOH. A comparison of the catalytic performance

with some representative reported catalysts for the 3-NS hydro-

genation indicates that Pt/FeOOH catalysts in this work show sig-

nificant advantages [4,5,30]. It has been illustrated that Pt species

with positive charges are favorable to the adsorption of the nitro

group [11], which may contribute to the excellent catalytic perfor-

mance of Pt/FeOOH. Pt/FeOOH catalyst was chosen for stability test

because of its excellent activity and selectivity. The result is pre-

sented in Fig. S7 (Supporting information), which showed that the

conversion of 3-NS remained at 99.7% and the selectivity to 3-AS is

slightly decreased from 95.1% to 91.7% after the forth runs. It indi-

cates that Pt/FeOOH catalyst has good stability and can be reused.

Platinum NPs supported on a series of iron compounds (FeOOH,

Fe3O4 and α-Fe2O3) were synthesized and their catalytic perfor-

mance were tested in the chemoselective hydrogenation of 3-NS.

Among these catalysts, Pt/FeOOH exhibited excellent selectivity to-

ward the target product of 3-AS (98%) at 99% 3-NS conversion.

It was found that there are more -OH group on the surface of

FeOOH, which changed the electronic structure of the supported Pt

NPs. The excellent catalytic performance of Pt/FeOOH could be at-

tributed to the positively charged Pt species, which is intrinsically

more selective for -NO2 hydrogenation than for vinyl hydrogena-

tion. In this work, we design a promising strategy for engineering

the electronic properties of Pt by exploring the interaction between

noble metal NPs and -OH functional groups on the support surface.

This will provide some guidelines for synthesizing other supported

metal catalysts with superior catalytic performance.
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